e Reduced immune responses to repeated polysaccharide vaccination have been previously reported, but there are limited immunogenicity data on the use of meningococcal polysaccharide vaccine (PSV) followed by meningococcal conjugate vaccine. Saudi Arabian adolescents (aged 16 to 19 years) who had previously been vaccinated with >1 dose of bivalent meningococcal polysaccharide vaccine and 1 dose of quadrivalent meningococcal polysaccharide (MPSV4) were enrolled in a controlled, randomized, and modified observer-blind study (collectively termed the PSV-exposed group). The PSV-exposed group was randomized to receive either quadrivalent meningococcal conjugate vaccine (MCV4) (n ‫؍‬ 145 PSV-exposed/MCV4 group) or MPSV4 (n ‫؍‬ 142 PSV-exposed/MPSV4 group), and a PSV-naïve group received MCV4 (n ‫؍‬ 163). Serum samples collected prevaccination and 28 days postvaccination were measured by baby rabbit serum bactericidal antibody (rSBA) assay, and vaccine tolerability and safety were also evaluated. For each serogroup, the postvaccination geometric mean titers (GMTs) were significantly higher in the PSVnaïve group than in either group comprised of the PSV-exposed participants. The postvaccination serogroup C rSBA GMT was significantly higher in the PSV-MCV4 group than in the PSV-MPSV4 group after adjusting for prevaccination GMTs. Although not statistically significant, similar differences were observed for serogroups A, Y, and W-135. No worrisome safety signals were detected. This study demonstrated MCV4 to be safe and immunogenic in those who had previously received polysaccharide vaccination, and it suggests that conjugate vaccine can partially compensate for the hyporesponsiveness seen with repeated doses of polysaccharide vaccine.
M
eningococcal disease remains a serious public health issue in the Kingdom of Saudi Arabia (KSA), with epidemics historically occurring due to serogroup A. KSA uniquely experiences a yearly influx of international visitors to perform Hajj and Umra, and meningococcal disease epidemics have occurred during the Hajj (6) . Many pilgrims and visitors originate from areas where invasive meningococcal disease is endemic, increasing the risk of disease in the KSA. Prior to 2000, Saudi Arabian authorities required pilgrims attending either Hajj or Umra to be vaccinated with the bivalent meningococcal A/C polysaccharide vaccine (6) . Between 2000 and 2002, a shift from epidemics arising from serogroup A to serogroup W-135 was observed (1, 5) . In response, the Saudi Ministry of Health recommended the use of a quadrivalent meningococcal A/C/Y/W-135 polysaccharide vaccine (MPSV4) to provide coverage against serogroup W-135 disease for pilgrims and Saudi school children (15) . An MPSV4 campaign in 2003 targeted children aged 6 months to 5 years old, with those Ͻ2 years of age receiving two doses 2 months apart and children aged Ն2 years receiving one dose. A significant increase in the proportion of participants with antibody titers at a level thought to correlate with disease protection (Ն8) as measured by baby rabbit serum bactericidal antibody (rSBA) assay was observed only in those aged Ն2 years (9) .
A quadrivalent meningococcal diphtheria toxoid conjugate vaccine, MCV4, containing conjugated polysaccharides from serogroups A, C, Y, and W-135, was licensed for use in 2005 by the U.S. FDA (3),d in 2006 in Canada (13) , and more recently in other countries and the Gulf Cooperation Council (http://www .sanofipasteur.com/sanofi-pasteur2/articles/53-sanofi-pasteur -announces-the-registration-of-menactrau-by-the-health-council -for-arab-countries-in-the-gulf.html). Compared to quadrivalent polysaccharide vaccines, quadrivalent conjugate vaccines have potential immunologic superiority and retain broad serogroup coverage, which makes them an attractive option for the prevention of meningococcal disease in KSA. There is concern, however, over potential immunological hyporesponsiveness due to the prior administration of multiple doses of meningococcal polysaccharide vaccine in children. We report here on the immune response to MCV4 compared to the response to MPSV4 in adolescents who have previously received one dose of MPSV4 and at least one dose of a bivalent A/C polysaccharide.
(This work was presented in part at the 10th European Moni- 
MATERIALS AND METHODS
Trial design. This phase III, controlled, randomized, and modified blindobserver study was conducted at seven sites located in two regions within the KSA. Study conduct was according to the Edinburgh revision of the International Conference on Harmonization (ICH) guidelines and the European Directive 2001/20/EC. The final study protocol was approved by the Medical Research Ethics Committee of the Ministry of Health of the KSA (an independent ethics committee) before study initiation. Good clinical practice and all applicable national and local regulations were observed throughout the study. Written informed consent was obtained from the participant's parent or legal representative if the participants were Ͻ18 years of age or from the participant if he or she was Ն18 years of age. Interventions. A single 0.5-ml dose of MCV4 vaccine containing 4 g of each serogroup A, C, Y, and W-135 purified polysaccharide conjugated to 48 g of diphtheria toxoid carrier protein (Menactra; Sanofi Pasteur, Swiftwater, PA) was administered intramuscularly, or a single 0.5-ml dose of MPSV4 containing 50 g of each serogroup A, C, Y, and W-135 polysaccharide (Mencevax ACWY; GlaxoSmithKline, Belgium) was administered subcutaneously. Although both study vaccines were injected in the deltoid region, the administration routes for MCV4 and MPSV4 are not identical, with MCV4 administered intramuscularly and MSPV4 subcutaneously, and the study was not strictly double blinded. To reduce bias, the person assessing safety was different from the person administering the vaccine. Approximately 5 ml of blood was collected from participants at two time points, one immediately before vaccination and one 28 days (window, 21 to 35 days) postvaccination.
Study population. Participants were healthy adolescents who were 16 to 19 years of age at study inclusion. Two cohorts were enrolled. In one cohort were those who had received Ն1 dose of bivalent (serogroups A and C) meningococcal polysaccharide vaccine and 1 dose of MPSV4 but had received no additional meningococcal vaccine less than 2 years prior to enrolment. For convenience, we omit the "M" that ordinarily would denote a meningococcal vaccine; we refer to these participants as simply the polysaccharide vaccine (PSV)-exposed participants. A second cohort consisted of individuals completely naïve to meningococcal vaccination (PSV-naïve participants). The PSV-exposed group was given study-related vaccination of either MCV4 (PSV-exposed/MCV4 group) or MPSV4 (PSV-exposed/MPSV4 group) according to a blinded, scratchable randomization list provided by the study sponsor. Adolescents who never received any meningococcal vaccinations received 1 dose of MCV4 (PSVnaïve/MCV4 group).
Key exclusion criteria included serious chronic disease, known or suspected impairment of immunologic function, acute illness with or without fever Յ72 h before or an oral temperature Ն37.5°C at study entry, or the use of antibiotics Յ72 h before vaccination. All other exclusion criteria are available at the clinicaltrials.gov website (14) .
Immunoassays. Serogroup-specific antibody responses were determined by rSBA assay using baby rabbit complement (Pel-Freez Incorporated, Rodgerson, AZ) as described elsewhere (12) as an exogenous complement source. SBA assays were performed at the Vaccine Evaluation Unit, Health Protection Agency, Manchester, United Kingdom. The following strains were used (name, strain, standardized strain characterization in parentheses): MenA, F8238 (A:4:P1.20,9); MenC, C11 (C:16:P1.7-1,1); MenW135, M,01.240070 (W135:NT:P1.18-1,3); and MenY, M,03.241125 (also known as S1975) (Y:2a:P1.5,2). rSBA titers were expressed as the reciprocal of the final serum dilution yielding Ն50% killing at 60 min. For computational purposes, titers of Ͻ4 were assigned a value of 2.
Safety. Investigators observed participants for 30 min after vaccination to record and treat any immediate adverse events (AEs). On the day of vaccination and for the next 7 days, participants recorded reactogenicity data, including oral temperature, in a diary. Local and systemic adverse reactions were recorded and graded as follows. Injection-site swelling and erythema were recorded as grade 1, Ͻ2.5 cm; grade 2, Ն2.5 and Ͻ5 cm; and grade 3, Ն5 cm. Injection-site pain was recorded as the following: grade 1, easily tolerated; grade 2, discomfort interferes with normal activities; and grade 3, unable to perform normal activities. Fever was recorded as grade 1 (Ն37.5 and Յ38.0°C), grade 2 (Ͼ38.0 and Յ39.0°C), and grade 3 (Ͼ39.0). Headache, malaise, and myalgia were recorded as the following: grade 1, noticeable discomfort but does not interfere with daily activities; grade 2, interferes with daily activities; grade 3, prevents daily activities. For each reaction, the percentage of participants with solicited adverse reactions and their respective two-sided 95% confidence intervals (CIs) were calculated by each reaction and study group. Adverse events (3) 5 (4) 3 (2) 12 (3) Immunogenicity set 144 (99) 141 (99) 161 (99) and serious adverse events were evaluated and recorded for the entire study period. Statistical analysis. For the analysis of immunogenicity data, two study populations were defined. The per-protocol set contained participants who satisfied all protocol-defined inclusion/exclusion criteria, were randomized correctly, received a dose of study vaccine, had blood drawn during the proper time window, and did not receive prohibited therapy while in the study. The full analysis set contained participants who received a single dose of study vaccine, but if the participant was incorrectly randomized, her/his data were analyzed according to the randomization scheme. The safety analysis set contained participants who received a single dose of study vaccine, but if the participant was incorrectly randomized, her/his data were analyzed according to the dose received.
The sample size was determined on the assumption there would be a dropout rate of 30%; therefore, 429 participants would be required (143 participants per group) to have Ն100 evaluable participants per group. Statistical analyses were performed by using SAS version 8.2 or higher (SAS Institute, Cary, NC). Immunogenicity outcomes were determined for each serogroup and each study group pre-and postvaccination as previously defined. At each time point, rSBA geometric mean titers (GMTs) with 95% CIs and the percentage of participants achieving a Ն4-fold increase in rSBA titers from pre-to postvaccination were calculated (with 95% CIs). Comparisons between the proportion of participants with a Ն4-fold rise in rSBA titers from prevaccination to 28 days postvaccination in the three groups were performed using Fisher's exact test. Comparisons between the pre-and postvaccination GMTs for each serogroup and each study group were performed using an analysis of variance (ANOVA) on the log 2 result of the titer. For each ANOVA comparison, the significance level was 0.05, and when a statistical difference was noted, a multiple comparison was performed. The hypothesis that the PSV-MCV4 group's postvaccination serogroup C GMT was superior to that of the PSV-MPSV4 group was supported if the lower limit of the 95% CI of the ratio of these GMTs was Ͼ1.
RESULTS

Participants.
The study (recruitment through postvaccination follow-up visits) was conducted between 12 February 2007 and 28 July 2007. The flow of participants through the study and the rationale for excluding some participant data from subsequent analysis are presented in Table 1 . All immunogenicity data presented herein are based on the full analysis set; the per-protocol set analysis yielded similar results. A total of 450 participants were enrolled and were allocated to 1 of the 3 study groups at the following levels: PSV-exposed/MCV4 group, 145 participants; PSVexposed/MPSV4 group, 142; and PSV-naive group, 163 ( Table 2 ). The mean age of the participants was 17.84 Ϯ 1.16 years (range, 16 to 19.9 years). Approximately 45% of the PSV-exposed/MCV4 and PSV-exposed/MPSV4 groups were male, but in the PS-naive group 68% were male.
Immunogenicity. Comparing the PSV-exposed to the PSVnaïve participants, a significant difference was observed between the prevaccination rSBA GMTs for serogroups A (P ϭ 0.002), Y (P Ͻ 0.001), and W-135 (P ϭ 0.001), with higher GMTs in the PSV-exposed groups. For serogroup C, the prevaccination GMTs were similar regardless of meningococcal vaccination history (Table 3).
The postvaccination rSBA GMTs increased for all 4 serogroups in all study groups (Table 3 ). The rSBA GMTs of the PSV-naïve group were significantly higher than those of the PSV-exposed/ MCV4 group (serogroups A, C, and W-135, P Ͻ 0.001; serogroup Y, P ϭ 0.007) and the PSV-exposed/MPSV4 group (serogroups A, C, Y, and W-135, P Ͻ 0.001). Although the PSV-exposed/MCV4 participants consistently had higher postvaccination GMTs across all 4 serogroups than the PSV-exposed/MPSV4 group, these differences were not statistically significant (P ϭ 0.538, 0.061, 0.068, and 0.065 for serogroups A, C, Y, and W-135, respectively).
The percentage of participants with a Ն4-fold increase in rSBA titer from pre-to postvaccination was significantly lower (P Ͻ 0.001) for those who had been PSV exposed versus those who were naïve for each of the serogroups. The number of participants with a 4-fold rise in rate was greater in the PSV-exposed group who received MCV4 than in those who received MPSV4 for each of the serogroups (Table 3) .
Greater than 90.5% of participants had serogroup A prevaccination rSBA titers of Ն128, rising to 100% postvaccination (Fig.  1) . For serogroup C, the percentage of participants prevaccination with the titer categories of Ͻ8, 8 to 16, and Ն128 were similar between study groups. After vaccination, 94.4% of participants in the PSV-naïve group had serogroup C rSBA titers of Ն8, whereas in the PSV-exposed participants the percentages with SBA titers of Ն8 were lower, 77.9% (PSV-exposed/MPSV4 group) and 85.7% (PSV-exposed/MCV4 group). For serogroups Y and W-135, the percentages of participants in the 2 PSV-exposed groups with prevaccination rSBA titers of Ͻ8, 8 to 64, and Ն128 were similar, while a lower percentage of PS-naïve participants had rSBA titers of Ն8. After vaccination, Ն91.8% of all participants had serogroup W-135 rSBA titers of Ն8, and Ն96.3% had serogroup Y titers of Ն8.
For serogroup C, the superiority of MCV4 over MPSV4 in those who were PSV exposed was assessed postvaccination. The ratio of the PSV-exposed/MCV4 to PSV-exposed/MPSV4 rSBA GMTs was 1.82 (95% CI, 0.98 to 3.39). Since the lower bound of this ratio's CI was Ͻ1, superiority was not demonstrated. However, when the postvaccination serogroup C GMTs were adjusted for prevaccination titers, the GMT ratio was 1.93 (95% CI, 1.10 to 3.37) and the superiority standard was achieved. Safety and reactogenicity. No participants given MCV4 experienced an immediate reaction after vaccination, but 1 in the PSV-MPSV4 group did experience an immediate reaction. This participant presented with muscle cramps of moderate intensity; the episode persisted for 3 days, resolved spontaneously, and was considered by the investigator to be unrelated to vaccine administration.
Injection-site reactions occurred between days 0 and 3 in a majority of participants. Most participants reporting these reactions rated them as grade 1, with most resolving by the third day after vaccination. The most commonly reported postvaccination systemic events were headache, malaise, and myalgia (Table 4) . These systemic reactions were also most often rated as grade 1, and the majority were resolved by the third day after vaccination. Within each vaccine group there were participants for whom systemic reactions lasted more than 7 days. The frequencies of reports of each reaction type for each study group were similar and had overlapping 95% CIs (Table 4) . Unsolicited AEs were reported at low and approximately equal rates across the study groups. The most frequently reported unso- licited AEs were infections. Unsolicited AEs were of mild or moderate intensity, with the exception of one serious AE in the PSVexposed/MCV4 group. This participant developed a perianal abscess 19 days after vaccination, requiring hospital admission and treatment. The investigator judged the incident to be unrelated to study participation. No other serious AEs, no AE-related premature study terminations, and no deaths occurred.
DISCUSSION
To our knowledge, this is the first report on the immune response to a quadrivalent A, C, Y, and W-135 conjugate vaccination in adolescents who had previously been vaccinated with bivalent A/C polysaccharide vaccine and an MPSV4 vaccine. This study has demonstrated that MCV4 induced robust immune responses in those who had received prior meningococcal polysaccharide vaccines and yielded no unusual safety signals. Prior to vaccination, serogroup A rSBA GMTs in all 3 study groups were high compared to those of the other serogroups, which could be due to natural priming from the prior circulation of serogroup A meningococci in KSA. Similarly to serogroup A, there were no differences in the serogroup C rSBA GMTs of the three groups prevaccination. Higher serogroup C rSBA titers may have been expected in the PSV-exposed groups, but serogroup C rSBA titers have been shown to decline rapidly following polysaccharide vaccination (4). For serogroups W-135 and Y, the prevaccination rSBA GMTs were lower in the PSV-naïve group, as expected.
Repeat doses of meningococcal polysaccharide vaccine can induce hyporesponsiveness, whereby persons previously vaccinated with meningococcal polysaccharide vaccine mount an immune response to revaccination with polysaccharide or conjugate vaccine that is lower in magnitude than the immune response of persons of a similar age being immunized for the first time (2, 7, 10) . Although the clinical significance of such hyporesponsiveness is not known, most experts would prefer to avoid it if is possible to do so with relative ease. Hyporesponsiveness was evident in this study for all four serogroups, as the rSBA GMTs after MCV4 vaccination in those who had received prior meningococcal polysaccharide vaccination were significantly lower than those of the PSV-naïve group. These results are consistent with previously reported data for serogroup C (8, 11) . Further, Keyserling et al. (8) reported lower SBA GMTs after MCV4 in U.S. adolescents who had received MPSV4 vaccination 3 years earlier, which is in agreement with the observations in this study.
This study demonstrated reduced rSBA responses to serogroup A after MCV4 administration in PS-exposed participants. Previous reports examining the response of multiple doses of serogroup A polysaccharide vaccine are conflicting. Several studies have demonstrated a boosting effect to repeated doses of serogroup A polysaccharide vaccine (4, 7, 9) , whereas reduced responses have also been reported for this serogroup as well (2, 10). Lakshman et al. (10) assessed immune responses to bivalent A/C polysaccharide or conjugate vaccine in young adults, and serogroup A hyporesponsiveness was seen after two doses of polysaccharide vaccine, but rSBA response to conjugate vaccine after a prior polysaccharide vaccine was not reduced compared to responses in naïve participants. The converse was seen in this study. A key difference between our study and that by Lakshman et al. (10) is the mean time between MPSV4 vaccination, 38 months as opposed to 52 to 60 weeks, respectively.
In the PSV-exposed participants after either MCV4 or MPSV4 vaccination, no statistically significant differences in the postvaccination rSBA GMTs were observed for any of the 4 serogroups. However, there were consistently higher rSBA GMTs in those vaccinated with MCV4. The serogroup C rSBA response after MCV4 vaccination compared to that after MPSV4 vaccination in the PSV-exposed participants, without adjusting for prevaccination titers, were not significantly different. After the adjustment of the day 28 GMTs for the baseline titers using ANOVA, the serogroup C rSBA GMT was significantly higher after MCV4 than after MPSV4 vaccination. The nature of local and systemic reactions did not materially differ between the study vaccines or for the administration of MCV4 as a booster or primary dose; the majority of solicited reactions were mild.
In conclusion, the findings from this study suggest that immunological hyporesponsiveness can happen with repeated doses of meningococcal polysaccharide vaccine for all 4 serogroups (A, C, Y, and W-135), and that quadrivalent meningococcal conjugate vaccination in those with a history of repeated polysaccharide vaccine receipt is safe and induces robust immune responses that may partially compensate for hyporesponsiveness.
